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Abstract
Within the nuclear Fermi-liquid drop model, quantum and thermal fluc-
tuations are considered by use of the Landau-Vlasov-Langevin equation. The
spectral correlation function of the nuclear surface fluctuations is evaluated
in a simple model of an incompressible and irrotational Fermi liquid. The de-
pendence of the spectral correlation function on the dynamical Fermi-surface
distortion is established. The temperature at which the eigenvibrations be-
come overdamped is calculated. It is shown that, for realistic values of the
relaxation time parameter and in the high temperature regime, there is a
particular eigenmode of the Fermi liquid drop where the restoring force is
exclusively due to the dynamical Fermi-surface distortion.
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I. INTRODUCTION
The collective dynamics and the dissipative properties of the nuclear Fermi liquid depend
in many aspects on the dynamical distortion of the Fermi surface in momentum space. As
is well-known, taking into account this distortion allows the description of a new class of
phenomena, the most famous of which are the giant multipole resonances. Furthermore, the
scattering of particles on the distorted Fermi surface leads to relaxation of collective motion
and gives rise to nuclear viscosity [1]. This so-called collisional mechanism of relaxation is
influenced very strongly by the Pauli blocking in the scattering of nucleons close to the Fermi
surface and depends on temperature and retardation effects [2,3]. We will consider below
both of them, concentrating on the fact that the retardation effects are especially important
for a proper description of the transition from the zero-sound regime to the first-sound
regime in the excited (heated) nucleus.
In the present paper, we are interested in the spectrum of fluctuations in shape variables.
The precise form of such spectra can be expected to depend on the parameters of the model,
such as the collision time, and, especially, on the memory effects. Here, we want to study
these dependencies as one step to our ultimate goal of determining the model parameters
from a comparison with experimental data, as might be possible due to a relation of the
afore mentioned spectra to γ−spectra.
In what follows, we combine the thermal and quantum fluctuations by means of the
fluctuation-dissipation theorem. Such an approach presents a convenient connection be-
tween different regimes of collective motion such as the quantum zero-sound regime at zero
temperature and the collisional first-sound regime in a hot system.
This paper is organized as follows. In section II we suggest a proof of the Langevin
equation for nuclear shape variables, starting from the Landau-Vlasov kinetic equation. In
the derivation, the main features of the dynamical distortion of the Fermi surface are taken
into account. In section III, we discuss the collision integral, for which a form is adopted that
includes memory effects. The limiting cases of the zero-sound and the first-sound regimes
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are discussed in section IV. Results of numerical calculations are presented in section V. We
conclude and summarize in section VI. The Appendix provides a derivation of the relevant
correlation functions for the fluctuating forces in the case of non-Markovian processes based
on the (second) fluctuation-dissipation theorem.
II. SPECTRAL CORRELATION FUNCTION FOR SHAPE FLUCTUATIONS IN
A FERMI-LIQUID DROP
To consider fluctuations of the collective variables in a Fermi-liquid drop we start from the
following kinetic equation for the small deviation δn of the distribution function n ≡ n(r,p; t)
from the one in equilibrium, neq, taking into account a random force [1]
∂
∂t
δn+ Lˆδn = I[δn] + y . (2.1)
On the left hand side of (2.1), the operator Lˆ represents the drift terms including the
selfconsistent mean field U ,
Lˆδn =
p
m
· ∇rδn−∇rUeq · ∇pδn−∇rδU · ∇pneq .
On the right hand side, I[δn] is the linearized collision integral and y ≡ y(r,p; t) is a random
variable representing the random force. As such, its ensemble average vanishes, 〈y〉 = 0,
while its second moment can be related to properties of the collision term, as shown in the
Appendix.
To derive the equation of motion for the shape variables, we will follow the nuclear fluid
dynamic approach of Ref. [4], and take into account the dynamic Fermi surface distortion
up to multipolarity l = 2:
δn = −
(∂n
∂ǫ
)
eq
l=2∑
l,ml
δnlml(r, t)Ylml(pˆ). (2.2)
Here ǫ is the quasiparticle energy [1]. A generalization of our approach to the case of an
arbitrary multipolarity l of the Fermi surface distortion can be done in a straightforward
way, see Ref. [3]. Using Eqs. (2.1) and (2.2) we can derive a closed set of equations for
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the following moments of the distribution function, namely, local particle density ρ, velocity
field uν and pressure tensor Pνµ, in the form
∂
∂t
δρ = −∇ν(ρequν), (2.3)
mρeq
∂
∂t
uν + ρeq∇ν
(δ2E
δρ2
)
eq
δρ+∇µP
′
νµ = 0, (2.4)
∂
∂t
P ′νµ + Peq(∇νuµ +∇µuν −
2
3
δνµ∇αuα) = Iνµ + yνµ, (2.5)
exploiting the conservation of particle number and momentum in collisions between the
particles. Here E is the internal energy density, which is the sum of the kinetic energy
density of the Fermi motion and the potential energy density associated with the nucleon-
nucleon interaction. The equilibrium pressure of a Fermi gas, Peq, is given by
Peq =
1
3m
∫
dp
(2πh¯)3
p2neq, (2.6)
P ′νµ is the deviation of the pressure tensor from its isotropic part due to the Fermi surface
distortion
P ′νµ = −
1
m
∫
dp
(2πh¯)3
(pν −muν)(pµ −muµ)
(δn
δǫ
)
eq
∑
m
δn2m(r, t)Y2m(pˆ), (2.7)
Iνµ is the second moment of the collision integral
Iνµ =
1
m
∫ dp
(2πh¯)3
pνpµI[δn] (2.8)
and yνµ gives the contribution from the random force
yνµ =
1
m
∫
dp
(2πh¯)3
pνpµy. (2.9)
Using the Fourier transformation for the pressure
P ′νµ(t) =
∫
dω
2π
e−iωtP ′νµ,ω (2.10)
and similarly for the other time dependent variables we find the solution to Eq. (2.5) as
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P ′νµ,ω =
iωτ − (ωτ)2
1 + (ωτ)2
PeqΛνµ,ω +
τ
1 + (ωτ)2
(1 + iωτ)yνµ,ω, (2.11)
where we used the symbol
Λνµ,ω = ∇νχµ,ω +∇µχν,ω −
2
3
δνµ∇λχλ,ω (2.12)
for this combination of gradients of the Fourier transform χν,ω of the displacement field. The
time derivative of χ(r, t) is defined as the velocity field, hence
uν,ω = −iωχν,ω. (2.13)
To obtain Eq. (2.11) we have also used the fact that the tensor Iνµ, Eq. (2.8), can be
reduced to
Iνµ,ω = −
1
τ
P ′νµ,ω, (2.14)
due to our restriction to quadrupole deformation of the Fermi surface. This is because the
l = 0 and 1 components of the expansion (2.2) do not contribute to the collision integral,
reflecting the conservation of particle number and momentum in a collision. Note that the
form (2.14) is also correct for a Non-Markovian collision term, with the collision time τ being
dependent on the frequency ω. (For convenience we will omit this frequency dependence of
τ in our notations.)
From Eqs. (2.3), (2.4) and (2.11) we find the equation of motion for the displacement
field χν,ω in the form
− ρeqω
2χν,ω + Lˆχν,ω = ∇µ(σνµ,ω + sνµ,ω), (2.15)
where the conservative terms are abbreviated by
Lˆχν,ω = −
1
m
ρeq∇ν
(δ2E
δρ2
)
eq
∇µρeqχµ,ω − Im
(
ωτ
1− iωτ
)
∇µ
Peq
m
Λνµ,ω, (2.16)
σνµ is the viscosity tensor
σνµ,ω = −i(ω/m)η(ω)Λνµ,ω (2.17)
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with the viscosity coefficient
η(ω) = Re
(
τ
1− iωτ
)
Peq , (2.18)
and sνµ,ω is the random pressure tensor
sνµ,ω = −
τ(1 + iωτ)
m(1 + (ωτ)2)
yνµ,ω. (2.19)
The correlation properties of sνµ,ω can be obtained for the general case where we also take
into account retardation and memory effects in the system, see the Appendix for details.
Using the correlation properties of the random tensor yνµ,ω, we find for the ensemble average
of
1
2
[sνµ,ω(r); sν′µ′,ω′(r
′)]+ =
1
2
(
sνµ,ω(r)sν′µ′,ω′(r
′) + sν′µ′,ω′(r
′)sνµ,ω(r)
)
the result, see Eq. (A.17),
1
2
[sνµ,ω(r); sν′µ′,ω′(r′)]+
=
4π
m2
E(ω, T )η(ω)δ(r− r′)δ(ω + ω′)[δνν′δµµ′ + δνµ′δµν′ −
2
3
δνµδν′µ′ ], (2.20)
where
E(ω, T ) =
h¯ω
2
coth
h¯ω
2T
. (2.21)
We have pre¡served the constant h¯ in Eq. (2.21) in order to stress the fact that both quantum
and thermal fluctuations are involved in Eq. (2.20) [5,6].
To apply (2.15) to a finite system, we shall assume a sharp boundary of the Fermi liquid
ρ = ρ0Θ(R(t)− r). (2.22)
Below, we will also assume this simple form of the particle density ρ, Eq. (2.22), at non-
zero nuclear temperatures T 6= 0. In a hot nucleus, the particle density parameter ρ0 in Eq.
(2.22) is temperature-dependent, ρ0 = ρ0(T ). However, the form (2.22) ignores the existence
of a nucleon vapour.
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For the description of small amplitude oscillations of a certain multipolarity L of a liquid
drop we specify the liquid surface as
r = R(t) = R0[1 +
∑
M
αLM(t)YLM(θ, φ)]. (2.23)
We write the displacement field χν(r, t) for an incompressible and irrotational flow, ∇νχν =
0, as [4]
χν(r, t) =
∑
M
aLM,ν(r)αLM(t), (2.24)
where
aLM,ν(r) =
1
LRL−20
∇ν(r
LYLM(θ, φ)). (2.25)
Multiplying Eq. (2.15) by ma∗LM,ν , summing over ν and integrating over r-space, we obtain
the Langevin equation for the collective variables,
− ω2BLαLM,ω + (C
(LD)
L + C
′
L)αLM,ω − iωγL(ω)αLM,ω = fLM,ω. (2.26)
The collective mass BL is found to be
BL = m
∫
drρeq
∑
ν
|aLM,ν |
2 =
3
4πL
AmR20. (2.27)
The static stiffness coefficient C
(LD)
L is derived from the first term on the right hand side of
Eq. (2.16) and is given by [7]
C
(LD)
L =
1
4π
(L− 1)(L+ 2)bSA
2/3 −
5
2π
L− 1
2L+ 1
bC
Z2
A1/3
, (2.28)
where bS and bC are the surface energy and Coulomb energy coefficients appearing in the
nuclear mass formula, respectively. This definition coincides with the one for the stiffness
coefficient in the traditional liquid drop model for the nucleus. We point out, that the
nucleon-nucleon interaction, manifested at the starting equations (2.1) and (2.2), is presented
in Eq. (2.26) only implicitly through the phenomenological stiffness coefficient C
(LD)
L .
At finite frequencies, the distortion of the Fermi surface causes an additional contribution,
C ′L in Eq. (2.26), to the stiffness coefficient. It is found as
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C ′L ≡ C
′
L(ω) = Im
(
ωτ
1− iωτ
)∫
drPeqΛ
(LM)
νµ ∇µa
∗
LM,ν , (2.29)
where
Λ
(LM)
νµ = ∇νaLM,µ +∇µaLM,ν .
Using aLM,ν from Eq. (2.25), we obtain for the integral in Eq. (2.29)
∫
drρeqΛ
(LM)
νµ ∇µa
∗
LM,ν = dL ρ0 (2.30)
where the information about the multipolarity is in
dL = 2
(L− 1)(2L+ 1)
L
R30.
Thus we find
C ′L(ω) = dL Im
(
ωτ
1− iωτ
)
Peq. (2.31)
The proportionality to (ωτ)2, for small values of this product, explains, why such a correction
does not appear in the hydrodynamic limit.
For the friction coefficient γL(ω) in Eq. (2.26) we obtain
γL(ω) = η(ω)
∫
drΛ
(LM)
νµ ∇µa
∗
LM,ν = dL η(ω). (2.32)
Both, C ′L and γL depend implicitly on the temperature via the dependence of the collision
time τ and of R30 Peq on the T .
The random force fLM,ω in Eq. (2.26) is related to the random pressure tensor sνµ,ω by
fLM,ω = −m
∫
dr sνµ,ω∇µa
∗
LM,ν . (2.33)
Using Eqs. (2.20) and (2.23) we obtain the spectral correlation function (fLM)2ω of the
random force fLM (t):
(fLM)2ω = 2E(ω, T ) η(ω)
∫
drΛ
(LM)
νµ ∇µa
∗
LM,ν = 2E(ω, T ) γL(ω). (2.34)
The basic property of the random variable y, in Eq. (2.1), y = yνµ = 0 transfers to both,
the random pressure tensor, sνµ,ω = 0, and the random force, fLM,ω = 0.
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Finally, using Eqs. (2.26) and (2.34) we can derive the spectral correlation function
(αL)2ω for shape fluctuations [5]:
(αL)2ω =
2E(ω, T ) γL(ω)
B2L(ω
2 − ω2L(ω))
2 + ω2γ2L(ω)
. (2.35)
The result Eq. (2.35) is of similar form as one would obtain starting from hydrodynamics
with the difference that here both the viscosity and the eigenfrequency ωL of the under-
damped oscillator,
ωL =
√
(C
(LD)
L + C
′
L(ω))/BL (2.36)
depend on the frequency themselves. This ω dependence is due to the deformation of the
Fermi surface and the non-Markovian collision term.
III. NON-MARKOVIAN COLLISION TERM
We have already pointed out, that memory effects in the collision term causes the collision
time τ , introduced in (2.14), to depend on frequency. In this section, we want to discuss
this dependence in more detail.
Below, we will take into account the main contributions to the relaxation time τ , one
arising from interparticle collisions (two-body dissipation with relaxation time τ2) and the
other from collisions of nucleons with the moving nuclear surface (one-body dissipation with
relaxation time τ1). Thus,
1
τ
=
1
τ1
+
1
τ2
. (3.1)
The introduction of one-body dissipation reflects the peculiarities of our consideration:
1) The presence of the sharp edge in the finite nuclear Fermi-liquid drop leads to a renormal-
ization of the collisional integral I[δn] which is traditionally taken from Fermi-liquid theory
of an infinite system; 2) The restriction to Fermi-surface distortions of multipolarity l ≤ 2,
see eq. (2.2), does not allow us to take into consideration Landau damping. Thus the as-
sociated fragmentation width of collective excitations is missing. Introduction of one-body
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dissipation provides a phenomenological description of both contributions to the relaxation
time.
The τ1 is related to the partial width Γ
(1)
L describing the damping of the collective state
due to one-body dissipation,
τ1 =
2h¯
Γ
(1)
L
. (3.2)
For the modified one-body dissipation [4,8] the width Γ
(1)
L is given by
Γ
(1)
L =
1
A
π (L− 1)2Lρ0 vF h¯ λ
2, (3.3)
where λ is a free parameter which we will take from a fit to the experimental data of the
width of the multipole giant resonance (MGR). For the case of finite temperatures, the Fermi
velocity vF in Eq. (3.3) has to be replaced by the temperature dependent value, see Ref.
[9]. The corresponding temperature dependent correction to the one-body relaxation time
τ1, Eq. (3.2), is small at T << ǫF and we will be neglected in this work.
Let us now discuss the contribution of two particle collisions. One purpose of the present
paper is to study modifications in the expressions for transport coefficients and fluctuations
due to memory effects in the collision integral. These memory effects are realized in the
dependence of I[δn] not only on the distribution δn at a given time but also on the value
of δn during earlier times. The weight with which the distribution δn at previous times t′
contributes to the value of I[δn] at a given time t is given by the kernel of the convolution
integral representing I[δn]. In the present case, this kernel depends on the difference t− t′
only, since we have linearized the collision integral with respect to equilibrium.
The inverse collision time 1/τ2, Eq. (2.14), is the Fourier transform of the kernel men-
tioned and thus depends on the frequency. As a consequence of causality, 1/τ2 is actually
a complex function of ω, whose real and imaginary part are related by the Kramers-Kronig
relations. Thus, inclusion of memory effects in the collision integral Iνµ in Eq. (2.5) implies
a consistent change of both dissipative and conservative forces in the equations of motion
(2.15) and (2.26).
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A more detailed analysis of this question will be the subject of further investigation.
Here, we only want to mention that we adopt phenomenological values for the parameters in
our approach. Therefore, for the frequency range in which we are interested in the present
case, it seems possible to neglect the frequency dependent corrections to the conservative
forces in Eq. (2.26).
This approximation corresponds to keeping the real part of 1/τ2 only, the inverse of
which will, in the reminder, be called collisional relaxation time and be labeled by the same
symbol, τ2. For frequencies small compared to the Fermi energy, one finds [2,3]:
τ2 ≡ τ2(ω, T ) =
4 π2 β h¯
(h¯ ω)2 + ζT 2
(3.4)
where β and ζ are constant. For infinite nuclear matter β can be related [10] to the differ-
ential cross section for the scattering of two particles. The differences between the different
estimates of the parameter β [11–15] are rather large:
β = 2.4÷ 19.8MeV.
For ζ we will adopt the value of ζ = 4 π2 [1,2].
IV. ZERO AND FIRST SOUND LIMIT
Equation (2.35) is valid for arbitrary collision times τ and thus describes both the zero
and the first sound limit as well as the intermediate cases. From it one can obtain the
leading order terms in the different limits mentioned.
(1) First sound limit: ωτ → 0, T >> h¯ω
The contribution from the dynamic distortion of the Fermi surface can be neglected in this
case and we have from Eq. (2.31),
C ′L ≈ 0. (4.1)
The eigenfrequencies ωL of the shape oscillations are determined here by the usual liquid
drop model as
11
ω
(LD)
L =
√
C
(LD)
L /BL . (4.2)
In the high temperature regime, the Fermi liquid viscosity η(ω), Eq. (2.18), approaches the
classical expression [1]
η =
1
5
ρ0p
2
F τ(0), (4.3)
where pF is the Fermi momentum and τ(0) ≡ τ(ω = 0). The spectral correlation function
(fL)2ω of the random force can be found from Eqs. (2.34), (2.21) and (2.32)
(fL)2ω = 2γL(0)T . (4.4)
This correlation function is independent of ω, i.e., it corresponds to a white noise.
(2) Zero sound regime: ωτ →∞, T << h¯ω
The contribution to the stiffness coefficient from the dynamic distortion of the Fermi surface
is now given by (see Eq. (2.31))
C ′L(ω) ≈ C˜
′
L = dL Peq. (4.5)
This expression coincides with the analogous one from [4]. We note that, in a cold Fermi
liquid drop, C˜ ′L provides the main contribution to the stiffness coefficient. The viscosity
coefficient η(ω), Eq. (2.18), can be approximated in this limit by
η(ω) = (Peq/κ0)
[
1 +
1
ω2
(
ζ T 2 +
κ0
τ1
)]
, κ0 = 4 π
2 β h¯ c. (4.6)
The random force spectral correlation function (fL)2ω is obtained from Eqs. (2.34), (2.32)
and (2.21) to be
(fL)2ω = h¯ωγ˜L, (4.7)
where
γ˜L = dL Peq/κ0 (4.8)
does not depend on ω. The spectral correlation function (4.7) now corresponds to a blue
noise.
12
We recall that the quantum-mechanical zero-sound regime Eq. (4.6) was obtained from
the classical approach. It is due to the fact that the quantum fluctuations have been incor-
porated into the correlation function (2.20) through the factor E(ω, T ), Eq. (2.21), see also
Refs. [5,6].
V. RESULTS AND DISCUSSION
For the numerical calculations in this work we adopt the value of r0 = 1.12 fm and assume
a temperature dependence of the surface and Coulomb parameters in the liquid drop stiffness
coefficient C
(LD)
L of Eq. (2.28), namely [16,17]
bS = 17.2
(T 2C − T 2
T 2C + T
2
)5/4
MeV, bC = 0.7(1− xCT
2)MeV, (5.1)
where the parameter xC was chosen as xC = 0.76 · 10
−3MeV−2 [16] and TC = 18MeV is
taken as the critical temperature for infinite nuclear Fermi-liquid [17]. Using Eq. (5.1),
one can find a critical temperature T
(LD)
in where the liquid drop contribution C
(LD)
L to the
stiffness coefficient vanishes:
C
(LD)
L ≡ C
(LD)
L (T )
∣∣∣
T=T
(LD)
in
= 0. (5.2)
For the parameters used in the present work one obtains T
(LD)
in = 7.72MeV for quadrupole
deformation, L = 2, in 208Pb. For temperatures T > T
(LD)
in there exists always an eigenfre-
quency with a positive imaginary part giving rise to an exponentially growing deformation.
This eigenfrequency, along with possible others, are solutions of the following secular
equation, see Eq. (2.26),
− ω2BL +
(
C
(LD)
L + C
′
L(ω)
)
− i ω γL(ω) = 0. (5.3)
The transport coefficients C ′L(ω) and γL(ω) are ω-dependent because of the memory effects.
To solve Eq. (5.3), both coefficients have to be defined in the complex ω-plane through
analytical continuation of the corresponding expressions (2.31) and (2.32). In Fig. 1 we
show the real (Reω) and imaginary (Imω) parts of the eigenfrequencies, obtained by solving
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Eq. (5.3) as functions of the temperature for the nucleus with A = 208, using ζ = 4π2, Eq.
(3.4), and three different values of β. The value of λ, see Eq. (3.3), was fixed by calculating
the imaginary part of the eigenfrequency from Eq. (5.3) at T = 0 and comparing the result
with the experimental value of the half-width ΓGQR/2 of the giant quadrupole resonance
in a cold nucleus 208Pb [18]. We find λ/r0 = 3.011 for β = 3.4MeV and λ/r0 = 3.551 for
β = 9.2MeV. The value of β = 1.26MeV is the lower limit for β in the sense that, below
this value, no positive value for λ exists such that Imω equals the experimental value for
ΓGQR/2.
For each β there are three solutions to Eq. (5.3). One of them, iImωin, is purely
imaginary and lies, for T > T
(LD)
in , in the upper half plane of the complex ω (unstable
mode). The two other solutions lie symmetric (for small enough T ) with respect to the
imaginary axis, ±Reω − iImω, and meet at a temperature Tlim. For example, we find
Tlim = 9.5MeV for β = 3.4MeV. For larger temperatures, T > Tlim, both solutions are
imaginary and only the ones nearer to the real axis are shown in Fig. 1. Thus, for T > Tlim
the eigenexcitations exist as overdamped modes only. In Fig. 2 we have plotted Tlim as
function of the collisional parameter β. For β larger than about 2.3 MeV, the transition
between underdamped and overdamped modes occurs in the presence of an unstable mode.
In Fig. 3 we have plotted the spectral correlation function (αL)2ω as obtained from Eq.
(2.35) for the two temperatures T = 1MeV and T = 9MeV. The different curves show the
sensitivity of (αL)2ω to the parameter β, Eq. (3.4). For low temperature we can observe a
well defined maximum which corresponds to the GMR excitation (zero-sound regime). An
increase of T leads to a shift of the maximum of (αL)2ω to lower frequencies and to an increase
in the width. The shape of the curves near the zero-sound maximum is a non-Lorentzian
one and depends, in particular, on the retardation effects in the friction coefficient, Eq.
(2.32), and, consequently, on the parameters β and ζ in the relaxation time, Eq. (3.4).
Increasing the temperature we do not find a first sound peak centered at finite frequency
for temperatures below T = T
(LD)
in and for realistic values of β, see Fig. 3. The strong
increase at low frequencies is due to the purely imaginary eigenfrequency. Thus, there forms
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no resonance structure of the spectral correlation function (αL)2ω in this region of ω.
Moreover, our numerical calculations, with realistic values of the nuclear parameters, do
not show any transition from the zero-sound regime at low temperatures to the first-sound
regime at high temperatures. For the finite Fermi-liquid drop, in the first-sound regime the
real part of the eigenfrequency is mainly determined by the liquid drop stiffness coefficient
C
(LD)
L , i.e., without the additional contribution C
′
L from the Fermi-surface distortion effect.
As it can be seen from Figs. 1 and 2, even if the limiting temperature Tlim is well below
the temperature T
(LD)
in , the first sound regime does not appear because the eigenmotion is
overdamped at Tlim < T < T
(LD)
in .
For a large enough value of β, i.e. β ≥ 2.3MeV, there is, in principle, a possibility
for a resonance structure of (αL)2ω at temperatures T > T
(LD)
in from the pure Fermi-surface
vibration in the momentum space. For these values of β there exists a temperature region
T
(LD)
in < T < Tlim where C
(LD)
L (T ) ≤ 0 and CL(ωL) > 0, simultaneously. This implies the
existence, in this high temperature region, of a particular eigenmode of the Fermi liquid
drop where the restoring force is exclusively due to the dynamical Fermi-surface distortion.
Unfortunately, we find this eigenmode to be damped too strongly to cause a visible peak
in the spectrum of the fluctuations for values of β < 25MeV. As shown in Fig. 3, (αL)2ω
develops only a weak shoulder for the value β = 9.2MeV at T = 9MeV.
VI. SUMMARY AND CONCLUSIONS
Starting from the collisional Landau-Vlasov kinetic equation with a random force, we
have derived the Langevin equation for the shape fluctuations in the framework of the
nuclear Fermi-liquid drop model. The main features of these fluctuations are due to the
Fermi-surface distortion effects. We have obtained the random-force correlation function
(2.34) for the general case where retardation and memory effects in the pressure tensor
(2.11) and in the relaxation time (3.4) are taken into account. It is important to account
for these memory effects in order to obtain a correct description of the transition in Fermi-
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liquid from the zero-sound regime at low temperature to the first-sound regime at high
temperatures. We have found, however, that in a finite nuclear Fermi-liquid the first-sound
regime is not reached. Instead, in the region of reasonable values for our parameters, the
eigenmotion becomes overdamped at a temperature Tlim. For Tlim below the temperature
T
(LD)
in the reappearance of underdamped motion is suppressed since the temperature for
which C ′L = 0 is smaller but close to Tlim. Note also that at temperature T
(LD)
in one of the
modes becomes unstable.
Our approach to the shape fluctuations is essentially classical. However, due to the
quantum version of the fluctuation dissipation theorem , basic quantum effects are taken
into account. Thus the correlation functions (2.20) and (2.34) contain contributions from
both quantum and thermal fluctuations.
The effects of the dynamical distortion of the Fermi surface on the nuclear collective
motion lead to peculiarities of the random-force correlation function which are absent in a
classical system. The spectral correlation function (2.34) is independent of ω and corresponds
to a white noise in the first-sound regime at ωτ → 0, whereas in the opposite zero-sound
regime at ωτ →∞ it corresponds to a blue noise (4.2).
The behaviour of the spectral correlation function (αL)2ω at different temperatures reflects
the above mentioned peculiarities of the random-force correlation function. The dependence
of the shape of the curves (αL)2ω on the retardation effects (ω-dependence) in the friction
coefficient (2.32) and, consequently, on the parameters ζ and β may serve as means to learn
about the possible range of the latter values. We find also the existence of an oscillatory mode
due to the dynamical Fermi-surface distortion in the high temperature region T > T
(LD)
in ,
where the usual liquid-drop stiffness coefficient C
(LD)
L disappears. The spectrum of the
fluctuations, however, is affected by this mode only for collision frequencies which seem too
high for stable nuclei.
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APPENDIX
In this appendix we are going to determine the correlation function of the projected
random force yνµ(r, t) Eq. (2.9):
1
2
[yνµ(r, t); yν′µ′(r′, t′)]+ =
1
2
∫
dpdp′
(2πh¯)3
pνpµp
′
ν′p
′
µ′
1
2
[yp(r, t); yp′(r′, t′)]+. (A.1)
To calculate the correlation function of the random force y ≡ yp(r, t), appearing in Eq.
(2.1) we follow the arguments of Abrikosov and Khalatnikov [1]. However, we generalize the
treatment with respect to the following points: we allow for a collision term which is (i) non
Markovian and (ii) nonlocal in space:
I[δn]p,r;t = Ip,r;t ∗ δnp(r, t)
=
∫
dt′dp′dr′
(2πh¯)3
J (r,p, t; r′,p′, t′)δnp′(r
′, t′), (A.2)
where
δnp(r, t) = δnp(r, t)−
∂n0p
∂ǫp
δǫp, (A.3)
n0p is the equilibrium distribution function, n
0
p = 1−n
0
p, δǫp =
∑
p′r′ fpp′(r−r
′)δnp′(r
′, t) and
fpp′(r − r
′) is the quasiparticle interaction energy [1]. These generalizations do not change
the expression for the rate of change of the entropy S˙ as compared to [1]. In the present
notation we write
S˙ = −
∫ drdpdr′dp′
(2πh¯)6
δnp(r, t)
n0pn
0
p
(
h3δ(p− p′)δ(r− r′)−
∂n0p
∂ǫp
fpp′(r− r
′)
)
×
(
I[δn]p′,r′;t′ + yp′(r
′, t′)
)
. (A.4)
In Eq. (A.4) we corrected a typing error in the second term of the right hand side of Eq.
(11.9) of Ref. [1].
To apply the general theory of fluctuations [5] we need to write S˙ in the form
S˙ = −
∑
i
Xi(t)x˙i(t). (A.5)
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In the present application the index i stands for the pair of vectors p, r and the sum has to
be replaced by the integral over phase space. Defining
x˙i(t) = I[δn]ri,pi;t + ypi(ri, t), (A.6)
the expression (A.3) for S˙ takes the form (A.5) if we set the generalized force Xi(t) ≡
X(ri,pi; t) as
X(ri,pi; t) =
1
n0pin
0
pi
[δnpi(ri, t)−
∂n0pi
∂ǫpi
δǫpi(ri, t)] =
δnpi(ri, t)
n0pin
0
pi
. (A.7)
In the next step, we have to express the first term on the right hand side of Eq. (A.6) in
terms of the X(r,p; t), Eq. (A.7). With the help of Eq. (A.2) we find:
I[δn]r,p;t = Ir,p;t ∗
(
n0pn
0
pX(r,p; t)
)
. (A.8)
Comparing the general form of x˙i(t), generalized to non Markovian processes [6]
x˙i(t) = −
∑
j,t′
γij(t, t
′)Xj(t
′) + yi(t) (A.9)
with Eqs. (A.6) and (A.8) we can easily determine the coefficients γij(t, t
′)
γ(r,p, t; r′,p′, t′) = J (r,p, t; r′,p′, t′)n0p′n
0
p′. (A.10)
If we assume that J depends on the difference t − t′ only, we obtain for the correlation
function of the random force
1
2
[yp(r, t); yp′(r′, t)]+ =
∫
dω
2π
e−iω(t−t
′)E(ω, T )
×[J (r,p; r′,p′;ω)
∂n0p′
∂ǫp′
+ J (r′,p′; r,p;−ω)
∂n0p
∂ǫp
], (A.11)
where E(ω, T ) is determined by Eq. (2.21). This expression is valid for a quite general
collision term. In the present paper we do not need the full correlation function, but only
its projection (A.1). For the latter we find
1
2
[yνµ(r, t); yν′µ′(r′, t′)]+ =
1
m2
∫
dω
2π
e−iω(t−t
′)E(ω, T )
∫
dpdp′
(2πh¯)6
pνpµ
×[J (r,p; r′,p′;ω)
∂n0p′
∂ǫp′
+ J (r′,p′; r,p;−ω)
∂n0p
∂ǫp
]p′ν′p
′
µ′ . (A.12)
The collision integral used in the text is assumed to have the properties (2.14) with (2.8).
From the latter we find the kernel J in (A.2) to fulfil the relation:
∫ dp
(2πh¯)3
∫ dp′
(2πh¯)3
p′νp
′
µJ (r
′,p′; r,p;ω)
∂n0p
∂ǫp
(pν′pµ′ −
1
3
δν′µ′p
2)
=
1
τ(ω)
∫
dp
(2πh¯)3
pνpµ(−
∂n0p
∂ǫp
)(pν′pµ′ −
1
3
δν′µ′p
2)δ(r− r′), (A.13)
whereas ∫ dp
(2πh¯)3
J (r′,p′; r,p;ω)
∂n0p
∂ǫp
= 0
due to conservation of particle number in collisions. With the help of
∫
dp
(2πh¯)3
pνpµ(−
∂n0p
∂ǫp
)(p′νp
′
µ −
1
3
δν′µ′p
2)
= (δνν′δµµ′ + δνµ′δν′µ −
2
3
δνµδν′µ′)
∫ dp
(2πh¯)3
p4
15
(−
∂n0p
δǫp
) (A.14)
one finds
1
2
[yνµ(r, t); yν′µ′(r′, t′)]+ =
∫
dω
2π
e−iω(t−t
′)E(ω, T )[
1
τ(ω)
+
1
τ(−ω)
]
×
∫ dp
(2πh¯)3
p4
15m2
(−
∂n0p
∂ǫp
)(δνν′δµµ′ + δνµ′δν′µ −
2
3
δνµδν′µ′)δ(r− r
′). (A.15)
Here ∫
dp
(2πh¯)3
p4
15m2
(−
∂n0p
∂ǫp
) = Peq. (A.16)
In Fourier space the correlation function is given from (A.15) as
1
2
[yνµ(r, ω); yν′µ′(r′, ω′)]+
= 4πδ(ω + ω′)δ(r− r′)E(ω, T )
Peq
τ(ω)
(δνν′δµµ′ + δνµ′δν′µ −
2
3
δνµδν′µ′) (A.17)
and the one for the random pressure tensor (2.19) reads
1
2
[sνµ(r, ω); sν′µ′(r′, ω′)]+
= 4πδ(ω + ω′)δ(r− r′)E(ω, T )
τ(ω)
1 + (ωτ)2
Peq
m2
(δνν′δµµ′ + δνµ′δν′µ −
2
3
δνµδν′µ′). (A.18)
With the definition of the viscosity coefficient (2.18) we obtain formula (2.20).
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FIGURES
FIG. 1. The dependence of the real, Reω, and imaginary, Imω parts of the eigenfrequency ω
from Eq. (5.3) on the temperature T for a nucleus A = 208 for the quadrupole vibrations L = 2; the
relaxation time parameters β = 1.26MeV (dashed lines), 3.4MeV (solid lines) and β = 9.2MeV
(dotted lines) are shown as a label to the curves; the parameter ζ is chosen as ζ = 4pi2.
FIG. 2. The limiting temperature Tlim as a function of the relaxation parameter β; using
ζ = 4pi2. The doted line is the critical temperature T
(LD)
in where the liquid drop stiffness coefficient
C
(LD)
L vanishes.
FIG. 3. The spectral correlation function (αL)2ω for two temperatures: T = 1MeV and
T = 9MeV. The calculations were performed for ζ = 4pi2 and the values β = 3.4MeV and
β = 9.2MeV.
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